Structure of Glutamine Aminotransferase
-- 4 Aminotransferase, which requires pyridoxal 5'-phosphate (PLP 1 ) as a cofactor, reversibly catalyzes a transamination reaction that essentially consists of the same two half transamination reactions (Scheme 1) (1). The α-amino group of amino acid 1 is transferred to the PLP of the aminotransferase to give pyridoxamine 5'-phosphate (PMP) and keto acid 1. Next, the amino group of PMP is transferred to keto acid 2 to yield amino acid 2 and regenerate PLP. For example, aspartate aminotransferase (AspAT) takes aspartate and glutamate as amino acids 1 and 2, respectively.
Scheme 1
In a study by the RIKEN Structural Genomics Initiative (2), a Thermus thermophilus HB8 gene homologous to the AspAT family has been identified. A homology search using FASTA with PDBSTR (3) and CLUSTAL W (4) indicated that the gene sequence was highly homologous with that of AspAT from Thermus thermophilus HB8 (ttAspAT, 5), human glutamine:phenylpyruvate aminotransferase (human GlnAT, 6), rat GlnAT (7), and aromatic amino acid aminotransferase from Pyrococcus horikoshii (phAroAT, 8) with sequence identities of 41.8, 36.5, 34.2, and 32.4 %, respectively. We expressed the gene in E.
coli, purified the product protein, and physicochemically characterized it (9) . The protein, which is a PLP-dependent aminotransferase, showed high activity toward tyrosine, phenylalanine, tryptophan, kynurenine, methionine, glutamine, and the corresponding keto acids with k cat /K m values of 170,000 -4,400,000 s -1 M -1 for the half transamination reactions, and low activity toward other amino acids with k cat /K m values less than 130 s -1 M -1 . Based on the primary sequence homology and the substrate specificity, we proposed that the protein is glutamine:phenylpyruvate aminotransferase (EC 2.6.1.64; ttGlnAT) in which the amino PLP-enzyme + α-amino acid 1 PMP-enzyme + α-keto acid 1 PMP-enzyme + α-keto acid 2 PLP-enzyme + α-amino acid 2
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Structure of Glutamine Aminotransferase --5 acids 1 and 2 in Scheme 1 are glutamine and an aromatic amino acid, respectively. This is the first non-eukaryotic GlnAT to be structurally characterized.
Scheme 2
In mammals, kynurenine aminotransferase I (KynAT I) is the equivalent of prokaryotic GlnAT and catalyzes the transamination of kynurenine to produce kynurenate (7, 10, 11) (Scheme 2). Kynurenate is involved in several aspects of the central nervous system by acting as an antagonist at both the glutamate-binding site and the allosteric glycine site of the N-methyl-D-aspartate receptor and possibly by blocking the α7-nicotinic acetylcholine receptor (12, 13) . Kynurenate levels in the central nervous system are correlated to cerebral diseases such as schizophrenia and Huntington's disease. GlnAT is an interesting target enzyme for the development of a novel therapeutic compound controlling endogenous kynurenate levels because kynurenate is the product of the GlnAT-catalyzed reaction.
We have determined the structures of the native, unliganded ttGlnAT in its PLP form and its complexes ttGlnAT•3-phenylpropionate (3PP) and ttGlnAT•α-keto-γ-methylthiobutyrate (KMTB), as the first structures of a non-eukarytotic GlnAT. In this article we describe substrate recognition by the enzyme and concomitant conformational changes at the domain level, and present a computer model for the enzyme-kynurenine complex based on the crystal structure of ttGlnAT•3PP. Preliminary X-ray data were collected at 293 K on the BL45PX station at SPring-8 (Hyogo, Japan).
X-ray diffraction data sets for the unliganded crystal, the ttGlnAT•3PP crystal, and the ttGlnAT•KMTB crystal were collected to 1.9, 2.35, and 2.6 Å resolution at 293 K on the BL6A, BL18B, and BL18B stations, respectively, at the Photon Factory, KEK (Tsukuba, by guest on November 6, 2017
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Structure of Glutamine Aminotransferase --7 Japan), using an X-ray beam with a wavelength of 1.0 Å and an ADSC Quantum 4R CCD camera. All data were processed and scaled using the program MOSFLM and SCALA (15) .
Data collection statistics are presented in Table I .
Structure Determination and Refinement -The structure of the unliganded ttGlnAT was determined with the program AMoRe (16), using the previously determined structure of the unliganded ttAspAT in the PLP form (5) (Table I) .
During the last step of the refinement, unambiguous water molecules were added including those with a temperature factor higher than 50 Å 2 . The maximum temperature factor of the water molecules was 60 Å 2 .
The initial structures for ttGlnAT•3PP and ttGlnAT•KMTB were determined with AMoRe (16), using the structure of the unliganded ttGlnAT as the search model. The same refinement procedure as was used for the unliganded ttGlnAT was applied to ttGlnAT•3PP (24), and Raster3D (25) .
RESULTS AND DISCUSSION
Overall Structure -ttGlnAT in the PLP form is a symmetric dimer ( Fig. 2A) . The subunit structure of ttGlnAT in the PLP form, with secondary structure assignments as predicted by the program DSSP (26) , is shown in Fig. 3 . Each subunit is divided into an Nterminal arm comprising residues 1 -10, a small domain formed by two parts of the polypeptide chain from residues 11 -38 and 279 -368, respectively, and a large domain from residues 39 -278. The core of the large domain is a sharply twisted seven-stranded sheet (parallel except for strand b10) which is surrounded by helices H5, H6, and H9 from the active-site side and helices H4, H7, and H8 from the surface side (Fig. 3) . Helices H3 and H10, which are located around the molecular 2-fold axis, participate in the formation of the subunit interface. β-Strands b5 and b6 form a hairpin β structure at the domain interface. The small domain also has an antiparallel four-stranded sheet as its core, and this is flanked by In the unliganded ttGlnAT, the Schiff base is characterized by an unusually high pK a value of 9.3 (9) for subclass I aminotransferases and is roughly coplanar with the cofactor ring with a dihedral angle of C3-C4-C4'-N = 34°. Two factors are considered to be involved in the high pK a value. One factor is the weak interaction between O3' of PLP and Asn-163, 
Active-Site Structures of PLP-Type ttGlnAT•3PP and ttGlnAT•KMTB in the Closed
Form -3PP is an analogue of the substrate phenylalanine in which the α-amino group of phenylalanine is replaced by a hydrogen atom. The stereo structure and hydrogen-bonding is equipped with template cavity to bind a substrate (Fig. 4) . The cavity is formed by PLP and the large domain residues (Thr-88, Phe-112, Asp-113, Val-114, Asn-163, Arg347, Tyr-57*, and Phe-253*). It is possible that a substrate approaches the built-in cavity which is exposed to the solvent region, and this is followed by a subdomain movement toward the large domain which encapsulates the substrate within the cavity to produce a Michaelis complex.
In ttGlnAT, the α-carboxylate of 3PP forms a salt bridge with the guanidino group of Arg-347. The salt bridge is fixed by hydrogen-bonding interactions with the NH of Gly-33
and the side chain of Asn-163 at both sides of the salt bridge ( ttGlnAT catalyzes the transamination reaction of glutamine. The substrate, glutamine, is similar to methionine in size but is different from methionine as regards the properties of its side chain. Possibly, the side chain of glutamine is included in the pocket of ttGlnAT, as is the case with methionine (refer to the KMTB structure; Fig. 4C ). The inner side of the pocket is mostly hydrophobic but has four hydrophilic sites (Ser-13-Asp-113 hydrogenbonded pair, Gln-32, Thr-88, and Tyr-57*). The most probable site to interact with the sidechain amide group of glutamine is the amide group of Gln-32 and/or the hydroxy group of Tyr-57*, although a final conclusion must await the X-ray analysis of ttGlnAT complexed with glutamine analogue. The same type of mechanism for substrate recognition has been observed in branched-chain amino acid aminotransferase from E. coli (42, 43) , in which the hydrophobic pocket can bind the acidic side chain of glutamate as well as the aliphatic side chain of the hydrophobic amino acids, and has four polar sites to recognize the γ-carboxylate of glutamate.
The active-site folding of ttGlnAT is quite similar to that of ttAspAT, but the substrate specificity between them is quite different. ttAspAT is strictly specific for acidic amino acids. What differentiates the substrate specificity of ttAspAT from that of ttGlnAT? The residues which recognize the substrate α-carboxylate are common to both enzymes and are arranged in the same way, however the residues which recognize the substrate side chain are extensively rearranged between the two enzymes. In ttAspAT, the β-or γ-carboxylate of the substrate is directly coordinated by Thr, Lys, and Trp, and indirectly by Ser, Ser, and Thr through the medium of water molecules. In ttGlnAT, these residues are replaced by Phe-15, Thr-88, Phe-112, Ser-13, Val-114, and Phe-253*, respectively, which form the hydrophobic pocket with hydrophilic sites. This indicates that the change in substrate specificity from acidic amino acids to aromatic amino acids, methionine, and glutamine can be attained in the native enzyme, the complex with 3PP(3-phenylpropionic acid), and the complex with KMTB(α-keto-γ-(methylthio)butyric acid), respectively. 
